conditional recombination of transfected sequences mediated by the FLP recombinase from yeast, was implemented in mammalian cells. In several cell lines, FLP rapidly and precisely recombined copies of its specific target sequence to activate an otherwise silent p-galactosidase reporter gene. Clones of marked cells were generated by excisional recombination within a chromosomally integrated copy of the silent reporter. By the reverse reaction, integration of transfected DNA was targeted to a specific chromosomal site. The results suggest that FLP could be used to mosaically activate or inactivate transgenes for analysis of vertebrate development, and to efficiently integrate transfected DNA at predetermined chromosomal locations.
A binary system for gene activation and site-specific integration, based on the conditional recombination of transfected sequences mediated by the FLP recombinase from yeast, was implemented in mammalian cells. In several cell lines, FLP rapidly and precisely recombined copies of its specific target sequence to activate an otherwise silent p-galactosidase reporter gene. Clones of marked cells were generated by excisional recombination within a chromosomally integrated copy of the silent reporter. By the reverse reaction, integration of transfected DNA was targeted to a specific chromosomal site. The results suggest that FLP could be used to mosaically activate or inactivate transgenes for analysis of vertebrate development, and to efficiently integrate transfected DNA at predetermined chromosomal locations.
ECENT ANALYSES OF MAMMALIAN
development have made use of transfected genes to alter cell interactions and trace cell lineages. This inherently powerful approach could be applied to investigate a broader range of developmental processes if it was possible to restrict transgene expression to specific subsets of the cells, tissues, or developmental stages in which the cis-acting sequences that typically control expression are active. Such mosaic expression is essential for many forms of lineage analyses and would additionally provide a means to assess the effects of transgenes that grossly alter development in small patches of tissue within an otherwise normal embryo. Toward this end, we have characterized a conditional recombination system based on the site-specific recombinase, tion, and expression therefore falls under the binary control of the transgene's own cisacting sequences and those that direct FLP expression. Reversal of this excisional recombination, under different experimental conditions, provides a means for introducing DNA into specific sites in mammalian chromosomes. tion, and expression therefore falls under the binary control of the transgene's own cisacting sequences and those that direct FLP expression. Reversal of this excisional recombination, under different experimental conditions, provides a means for introducing DNA into specific sites in mammalian chromosomes.
A cotransfection assay was used to characterize FLP-mediated recombination of extrachromosomal DNA in a variety of cell lines. Cells were transfected with an expression construct and a "reporter" plasmid that was a substrate for the recombinase. The activity of the expression construct was assayed either by recovering the transfected reporter and looking for molecular evidence of recombination or by preparing cytoplasmic extracts to measure p-galactosidase activity generated by precisely recombined reporter molecules.
The pNEOpGAL reporter plasmid used in these assays was derived from pFRTpGAL ( Fig. 1A) . pFRTPGAL contains the bacterial P-galactosidase coding sequence, which has been modified by insertion of an FLP recombination target site (FRT) immediately 3' to the translational start (2). The FRT consisted of the two inverted 13-base pair (bp) repeats and 8-bp spacer that comprise the minimal FLP target (3, 4) plus an additional 13-bp repeat that may augment reactivity of the minimal sub-A cotransfection assay was used to characterize FLP-mediated recombination of extrachromosomal DNA in a variety of cell lines. Cells were transfected with an expression construct and a "reporter" plasmid that was a substrate for the recombinase. The activity of the expression construct was assayed either by recovering the transfected reporter and looking for molecular evidence of recombination or by preparing cytoplasmic extracts to measure p-galactosidase activity generated by precisely recombined reporter molecules.
The pNEOpGAL reporter plasmid used in these assays was derived from pFRTpGAL ( Fig. 1A) . pFRTPGAL contains the bacterial P-galactosidase coding sequence, which has been modified by insertion of an FLP recombination target site (FRT) immediately 3' to the translational start (2). The FRT consisted of the two inverted 13-base pair (bp) repeats and 8-bp spacer that comprise the minimal FLP target (3, 4) plus an additional 13-bp repeat that may augment reactivity of the minimal sub- (Fig. 1A) . The pNEOPGAL + FLP values are also shown as a percentage of the pFRTPGAL positive control values. Each value represents the mean and SEM of six plates from two experiments. Neither pOG28 nor pOG44 generated P-galactosidase activity when transfected alone (5). Transfections and assays were performed as described in the legend to Fig. 1 (Fig. 1B) . Lysates of cells from cotransfections that included pOG44 showed a signal at 5.6 kb, which corresponds to the size of recombined reporter (equivalent to pFRT1GAL), and a 3.2-kb signal that was generated by unrecombined pNEO,BGAL Fig.  3) . As previously shown for other integrated constructs with similarly short direct repeats (7), the chromosomal FRTs did not spontaneously recombine to produce a 3-galactosidase-positive (IGAL+) phenotype at detectable frequencies (Table 2) .
Transient expression of FLP in the CVNEOIGAIE lines promoted a rapid conversion to a PGAL+ phenotype. When five different cell lines were transfected with pOG44, 3-galactosidase activities after 36 hours were 40 to 100 times as high as those seen in replicate plates transfected with a non-FLP plasmid (Table 2) . At 48 hours after transfection, histochemical processing showed many OGAL+ cells (Table 2 and (Fig. 2B) , and 13-galactosidase expression persisted during prolonged expansion of individual colonies (Fig. 2C) . Entirely negative colonies (Fig. 2B) and mixed colonies  (Fig. 2D) were also observed. Mixed colonies would be expected if recombination occurred after mitosis in only one descendant of a transfected cell, or if recombined and unrecombined cells mixed at replating or during subsequent growth. Indeed, the physical segregation of phenotypes evident all derived subclones (Fig. 3A) . The probe was random-primed pNEO3GAL (Fig. IA) . The identities of the bands were confirmed with additional digests and probes. in most mixed colonies suggested that they were composed of stably positive and negative lineages (Fig. 2D) .
The correlation between P-galactosidase expression and recombination at FRT sites was examined by comparing the structure of the integrated pNEO,BGAL sequences in two IGAL+ subclones to the parental line. CVNEOPGA1JE25 (E25) cells (106) were transfected with pOG44 and subcloned 12 hours after removal of the precipitate. After histochemical screening, two ,BGAL+ subclones (E25B1 and E25B2) were expanded for further analysis. In Southem blots of genomic DNA from both subclones, the pattem of hybridization matched that expected for FLP-mediated recombination of the FRT sites in the parental line (Fig. 3) . In Eco RI digests, the 3.2-kb fragment of E25 was lost and 2.0 kb of DNA were added to an 8.5-kb junctional fragment to create a 10.5-kb junctional fragment in the derived lines. The other (3.7-kb) junctional fragment and the intemal 2.0-kb fragment were unchanged. Although recombination products have not been recovered and sequenced, these Southem analyses and the fact that activation of P-galactosidase expression required creation of functional translational reading frame suggest that the preponderance of FLP-mediated recombination was precise.
Reversal of this excisional recombination could in principle be used to target the integration of transfected plasmids containing an FRT to specific genomic sites. To compare the frequency of such site-specific integration to the frequency of integration at random sites, we cotransfected G418-sensitive, PGAL+ E25B2 cells with pOG44 and a plasmid, pOG45, that contained a neomycin resistance gene expression cassette and a single FRT (8). We expected that G418R colonies formed after site-specific integration of pOG45 would be ,B-galactosidase-negative (IGAL-), whereas those formed by random integration would be ,GAL+. G418R subclones (designated B2N) were histochemically stained and more than half were found to be either entirely PiGAL-, or predominantly PGALwith a few clusters of PGAL+ cells (Table  3 ). The remaining colonies were IGAL+. With continued passage as dispersed monolayers, the fraction of PGAL+ cells in the mixed lines rapidly diminished. The possibility that they were G418-sensitive cells that initially survived because of their proximity to resistant cells was confirmed by reconstitution experiments (5). All of the colonies formed after parallel cotransfections of p0OG44 and control plasmids containing the same neomycin cassette but lacking an FRT were (GAL+ (Table 3) .
The fidelity with which loss of p-galactosidase activity was caused by the expected recombination of chromosomal and plasmid FRTs, resulting in the integration of a single unrearranged copy of pOG45 within the P-galactosidase sequence of the E25B2 line, was examined by Southern analyses. Because the FRT and neomycin cassette of pOG45 were derived from the neomycin cassette and 3' FRT of pNEOpGAL (Fig. 1A) (8) , recombination of the plasmid FRT with the E25B2 chromosomal FRT would be expected to regenerate the 3.2-kb Eco RI fragment of the original E25 parent. Additionally, the 8.5-kb junctional fragment of E25 would be expected to shift to 12.0 kb because pOG45 is 3.5 kb larger than the neomycin cassette of pNEOPGAL. Finally, the 3.7-kb junctional fragment and the 2.0-kb internal fragment of the E25 and E25B lines would be expected to be unchanged in the B2N lines. These predictions were met in each of the eight pGAL-or mosaic B2N lines analyzed, as shown for two lines in Fig. 3B . In contrast, each of the four PGAL+ colonies examined by Southern analyses had integrated pOG45 at a random genomic site (5).
Our data show that FLP-mediated recombination can target the integration of transfected DNA to a specific chromosomal site at frequencies that exceed those of random integration, and that the event can be marked by an alteration in gene activity at the target site. The efficiency of targeted integration could potentially be increased by using ratios of the integrating and FLP expression vectors different from those used here, or by using FRT mutations in the plasmid and chromosomal sites to decrease the frequency at which successfully integrated plasmids are subsequently excised (9). The P-galactosidase-marking paradigm could be combined with a promoter-trap strategy, similar to that used to demonstrate site-specific integration mediated by the Cre recombinase (10). This would greatly increase the relative frequency of site-specific events.
Previous descriptions of recombinase-mediated rearrangement of chromosomal sequences in Drosophila (11) and mammalian cells (12) have not directly addressed the question of whether site-specific recombinases could routinely create a functional translational reading frame, as we have now shown. Moreover, the efficiency of this FLPbased system appears to be much higher than that reported in the only other description of site-specific recombination of chromosomal sequences in mammalian cells (12). Transient expression of the Cre recombinase in mouse L cells was shown to effect a 25-fold increase in the incidence of a selectable phenotype that required rear- FLP-mediated recombination of marker genes has the potential to provide the basis for new forms of lineage analysis in a variety of organisms. An initial step in this direction was described in a recent report: heat shockinduced expression of FLP was used to excise, and thereby inactivate expression of, a transfected pigmentation marker in order to delineate retinal clones in Drosophila (11). The utility of such loss-of-function marking paradigms, however, is limited to tissues and organisms for which both a positive genetic marker and a negative genetic background are available. The approach additionally requires that the marker gene be present in a single copy so that individual recombination events reverse cellular phenotype. These conditions are only exceptionally met in Drosophila and would be more rarely met in mice. In contrast, the gain of function P-galactosidase marking system described here could be used for lineage analyses in a wide variety of tissues in different organisms. The reporter was normally silent, spontaneously activated at very low frequencies, and was efficiently activated by FLP. The gain of function was heritable and easily detected with a simple histochemical assay. In transgenic mice, the lineages marked by recombination would be determined by the promoters used to drive FLP expression. These could include promoters that were only transiently active at a developmental state that substantially preceded overt differentiation. Because transcription of the P-galactosidase construct would be controlled by an independent set of cis-acting sequences, recombined reporter genes could be expressed at later developmental stages, after differentiation had occurred. By this means it would be possible to construct a fate map for mammalian development that correlated embryonic patterns of gene expression with the organization of mature tissues. Other data indicate that several areas of the cerebral cortex may process nociceptive information. Some patients with epileptic foci involving the primary or secondary somatosensory areas of the parietal lobe (SI and SII, respectively) experience pain during seizures (4). In addition, lesions of these areas in humans can sometimes lead to reduced pain perception (5). Single neurons in both SI and SII of the parietal cortex of awake monkey respond to nociceptive stimuli (6); however, these findings are so rare on electrical stimulation of their exposed cerebral cortex during surgery to remove epileptic seizure foci. Thus, a commonly held view in clinical neurology is that "stimulation of ... any ... cortical areas in a normal, alert human being does not produce pain" (3).
Other data indicate that several areas of the cerebral cortex may process nociceptive information. Some patients with epileptic foci involving the primary or secondary somatosensory areas of the parietal lobe (SI and SII, respectively) experience pain during seizures (4). In addition, lesions of these areas in humans can sometimes lead to reduced pain perception (5). Single neurons in both SI and SII of the parietal cortex of awake monkey respond to nociceptive stimuli (6); however, these findings are so rare that the functional significance of parietal nociceptors is still in question.
Frontal cortex has also been implicated in pain processing. In cat and in humans, noxious electrical stimuli induce an increase in cerebral blood flow to the frontal lobes (7). In rat there are neurons in the prefrontal cortex that respond to noxious skin stimulation (8). In addition, in patients resection of the anterior cingulate cortex can reduce the distress associated with chronic intractable pain (9). Nevertheless, the unreliable nature of this surgical procedure in relieving pain (10) and the absence of precise anatomical data from humans, uncompromised by disease or lesions, underscore our lack of knowledge concerning the normal function of specific cortical regions in pain processing.
We have now investigated the involvement of specific cortical areas in the perception of pain in awake, healthy, human volunteers. To functionally isolate the perception of pain from all other sensory and behavioral variables, we used subtractive positron emission tomography (PET). This technique can identify subtle differences in the activation of specific brain sites relative to sensory and evaluative processes (11, 12). In addition, we have applied methods (13, 14) that combine into stereotaxic images the functional information derived that the functional significance of parietal nociceptors is still in question.
We have now investigated the involvement of specific cortical areas in the perception of pain in awake, healthy, human volunteers. To functionally isolate the perception of pain from all other sensory and behavioral variables, we used subtractive positron emission tomography (PET). This technique can identify subtle differences in the activation of specific brain sites relative to sensory and evaluative processes (11, 12). In addition, we have applied methods (13, 14) that combine into stereotaxic images the functional information derived The representation of pain in the cerebral cortex is less well understood than that of any other sensory system. However, with the use of magnetic resonance imaging and positron emission tomography in humans, it has now been demonstrated that painful heat causes significant activation of the contralateral anterior cingulate, secondary somatosensory, and primary somatosensory cortices. This contrasts with the predominant activation of primary somatosensory cortex caused by vibrotactile stimuli in similar experiments. Furthermore, the unilateral cingulate activation indicates that this forebrain area, thought to regulate emotions, contains an unexpectedly specific representation of pain.
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